A single-pan scanning calorimeter has been developed that eliminates the smearing of latent heat that occurs in a conventional two-pan heat-flux differential scanning calorimeter (DSC). In the new calorimeter, accurate enthalpy/temperature data was obtained in pure Al without smearing, and excellent sensitivity to new phases was obtained in a multicomponent Al alloy (LM25). The calorimeter has been used to investigate microsegregation in an Al-4.45 wt pct Cu alloy. The enthalpy/temperature data fell between that calculated, assuming no mixing in the solid (Scheil) and complete mixing in the solid (equilibrium solidification). The amount of segregation agreed well with that calculated using a diffusion-based model of microsegregation. The difficulty of getting the fraction solid from the enthalpy data is discussed, and it is concluded that it is not possible to do so without using a microsegregation model. In addition, it is concluded that it is wrong to assume that the enthalpy of an alloy can be given by a specific heat term and a constant latent heat term that depend on fraction liquid as is assumed in most casting models.
I. INTRODUCTION
TRADITIONALLY a two-pan heat-flux differential scanning calorimeter (DSC) is used to measure thermal properties as a function of temperature. [1] [2] [3] [4] [5] Problems arise when latent heat is evolved. The heat appears to be evolving over a range of temperatures. [6, 7, 8] In this article, the reason for this smearing of the latent heat is briefly discussed, and a novel single-pan calorimeter is described that eliminates smearing. Experiments are reported that investigate the reproducibility and sensitivity in the new calorimeter.
The new calorimeter has been used to investigate microsegregation in an Al-Cu alloy, and the results are compared with Alloy/M, [9] a microsegregation model that is linked with the thermodynamic database package MTDATA.
[10]
II. PROBLEMS WITH A TWO-PAN HEAT-FLUX DSC
A schematic diagram of a two-pan heat-flux DSC is shown in Figure 1 . In use, the temperature of the surroundings is scanned at a constant rate, and the temperature difference between the reference and the sample thermocouples is used to calculate the difference in heat capacity between the reference and the sample. Problems arise when latent heat is evolved or absorbed. These are illustrated in Figure 2 . The figure shows the temperature of the surroundings, T F , the temperature of the sample pan thermocouple, T SP , the temperature of the reference pan thermocouple, T RP , and the temperature of the sample, T S , plotted against time. When a pure metal sample melts, its temperature stays constant, and the heat flux increases. The increased heat flux leads to a larger temperature difference between the sample and the external sample thermocouple. After the sample has melted, the sample temperature returns to the steady state value. It is usual to assume that the difference in heat capacity between the sample and reference thermocouples is proportional to the temperature difference between the sample and reference. The temperature difference is plotted as a function of the sample thermocouple temperature in Figure 2 (b). It is clear from this diagram that the latent heat appears to be evolving over a range of temperatures. Although corrections can be made, [7] they are difficult to carry out because the various heat transfer coefficients are not completely reproducible. To reduce this smearing of latent heat, calorimeter manufacturers usually recommend using very small samples (ϳ1 mg); but even with this small size, the latent heat typically appears to be smeared over about 3 K in a pure material. Further, the very small sample size leads to a lack of resolution and sensitivity. These criticisms apply equally well to differential thermal analysis (DTA). The DTA is very similar to a heat-flux DSC, [11] but the emphasis is put on the detection of phase transitions rather than on the measurement of enthalpy.
III. SINGLE-PAN CALORIMETER
A single-pan calorimeter has been developed that eliminates smearing. The essential feature of the new calorimeter is that the sample is in a uniform temperature enclosure, and it has the largest possible thermal resistance between the sample and its surroundings. A schematic diagram of the apparatus is shown in Figure 3 . To ensure a uniform temperature enclosure, the outer crucible is thermally isolated from the furnace, is thick walled, and made of a material with a high conductivity. The inner crucible is thermally isolated from the outer crucible to ensure the maximum temperature difference between the two crucibles. The sample is made large enough so that the sample thermocouple can be placed inside the specimen. In principle, there is no disadvantage in using large samples, provided significant feeding the difference in temperature to the temperature controller rather than a temperature. This means that the temperature rises less rapidly when latent heat is absorbed or evolved.
IV. ENTHALPY CALCULATION
Because of the simplicity of the single-pan calorimeter, equations are easily derived to relate temperature changes to enthalpy changes. As in a conventional DSC, a run is carried out with an empty pan, the empty pan ϩ calibrant, and the empty pan ϩ sample. The temperature differences are first corrected with a zero line adjustment. These are measured during an isothermal anneal [8, 12] at a number of different temperatures.
As the calorimeter is heated in the time interval, dt, the temperature of the empty inner crucible rises by dT E , the ⌬T DE , ⌬T DC , and ⌬T DS . Let C C be the change in heat content per degree (i.e., heat capacity times mass) of the calibrant; this must be known as a function of temperature. Similarly, temperature differences do not arise in the sample. Thermo-C E and C S are those of the empty crucible and sample. It couples (0.5-mm outer diameter) are placed in the walls of should be noted that C S contains any latent heat and is, the inner and outer crucibles. An additional thermocouple thus, an effective heat capacity. The heat transfer coefficient sheathed in alumina is placed in the center of the sample.
between the inner and outer crucible, a, is a function of Typically, the sample is a machined cylinder 10 mm in temperature. diameter and 10-mm high. A 7-mm deep hole is drilled in the For the empty crucible, a⌬T DE dt ϭ C E dT E center of the sample for the thermocouple. The dimensions of For the calibrant ϩ empty, a⌬T DC dt ϭ (C C ϩ C E )dT C the sample used are shown in Figure 3 , and the rest of the For the sample ϩ empty, a⌬T DS dt ϭ (C S ϩ C E )dT S figure is drawn approximately to scale. Typically for pure
Eliminating a and C E gives a general expression for the rise Al, the samples were about 2.7 g.
in enthalpy of the sample, dH S The calorimeter can be operated in the normal DSC manner by changing the outer crucible temperature at a constant programmed rate. Because the specimens are much larger than for a conventional heat-flux DSC, the calorimeter can
be operated in a constant heat-flux mode, as was proposed by Smith in 1940. [13] In this mode, the temperature difference between the inner and outer crucibles is kept constant by The equation is valid as C S → ϱ and dT S → 0 and can, thus, handle the latent heat of a pure material. The ratios ⌬T DE /dT E and ⌬T DC /dT C are evaluated from the empty and calibrant ϩ empty run at the relevant temperature using the same time interval. Because of the stability of the system, these only need to be measured once. The meaning of these terms is best visualized by noting that the inverse of ⌬T DE / dT E divided by the time interval is dT E dt
and is the rate of rise in temperature of the empty pan divided by the (b) difference in temperature between the inner and outer crucible. The general Eq. [1] is valid for any mode of operation Figure 4 shows the sample temperature plotted against Table I and show runs carried out with different heat fluxes. time for pure Al. In these experiments the temperature differMuch less than 1 pct variation was obtained with different ence between the inner and outer crucible was set to be 6 K samples and repeated runs using the same sample. for heating and Ϫ6 K for cooling. The inner crucible was alumina, and the outer crucible was boron nitride; this gave a heating rate in the absence of latent heat evolution of about C. 620 ЊC and continued to be deposited until a eutectic (Al ϩ Si) came out at about 570 ЊC; finally, a ternary eutectic (Al Figure 5(b) shows the heat capacity obtained using the slope of Figure 5 (a) for the melting line. The small difference in ϩ Si ϩ ␤ ) was deposited at about 550 ЊC. On heating, the lowest temperature peak splits into two peaks separated by heat capacity before and after melting is apparent. This would be difficult to detect with a conventional DSC. about 2 K. The additional peak was found to be the result of a solid-state deposit of Mg 2 Si. Reactions of the ternary Another important feature is the narrowness of the latent heat peak. It is not possible to get such a narrow peak and solid-state deposit were not detected in Reference 15 before freezing, of 1.88, 3.99, 7.32, and 9.66 K/min. The curves show a small amount of supercooling at about 649 ЊC when Al nucleates and at about 548 ЊC when CuAl 2 nucleates to form the eutectic. There is almost no difference between the curves, but the lines remain in the same order during solidification. In this alloy, the limit of solid solubility of Cu in Al at the eutectic temperature is 5.7 wt pct Cu; therefore, the eutectic should not be present at equilibrium. The original intention was to use the experimental enthalpy curves to calculate fraction solid and then to compare the experimental fraction solid with theoretical models. (b) It is usual in numerical modeling of alloy solidification to suggest that the enthalpy is given by an expression of the form, e.g., [17] using a conventional heat-flux DSC. The results from elec-
tron microprobe analysis and X-ray diffraction confirmed where C P , g L , and L are the heat capacity, fraction liquid, the existence of ␤ and Mg 2 Si phases. [16] and latent heat. This implies that there is a specific heat term, and a latent heat term that depend on fraction liquid.
VI. VOLUME FRACTION AND
This approach would suggest that the fraction liquid could MICROSEGREGATION DETERMINATION be measured by writing the enthalpy as Wt pct Cu Figure 7 shows the measured enthalpy for the alloy obtained at four different heat fluxes, 0.067, 0.126, 0.217, [3] and 0.270 J/s. These correspond to the cooling rates, just It is usually suggested that the value could be read from a and solid. This is not the case for Al-Cu, as is shown in Figure 10 . This shows the enthalpy of liquid Al (i.e., an Alplot of enthalpy vs temperature by extrapolating the liquid and solid lines, as plotted schematically in Figure 8 , and Cu liquid solution), solid Al (i.e., an Al-Cu solid solution), and solid CuAl 2 at the eutectic temperature calculated using then by taking the ratio (Eq. [3] ) from the figure. Figure 8 is slightly more complicated than suggested by Eq. [2] , since MTDATA. The compositions of the different phases at the eutectic temperature are shown by the points. the heat capacity of the solid and liquid are shown to be different, but this makes little difference to the principle of Further complications arise. The extreme form of microsegregation occurs when the liquid is mixed, but the solid the calculation.
The problem with this approach is apparent when it is remains unmixed. The fraction solid can be calculated from the Scheil equation. [18] The enthalpies of one mol of liquid, asked: "Does Figure 8 refer to mass, mol, or volume fraction?" The fraction will in general be different for the three solid, and the phase mixtures are shown in Figure 11 . These were calculated assuming the Scheil equation using different units. The problem is resolved by noting that the liquid and solid enthalpies should not be extrapolated from MTDATA.
[10] The step in the mixture plot arises because of microsegregation. Some liquid remains at the eutectic the completely solid and liquid regions. These represent liquid and solid enthalpies when the composition of the temperature. The two sets of curves are plotted together in Figure 12 . The liquid lines superimpose because the liquid phases remains unchanged. During freezing of an alloy, the liquid composition and the average solid composition has a uniform composition in both models. The solid lines are different for equilibrium and the Scheil equation. This change. Figure 9 shows the enthalpy per mol of each phase and that of the mixture calculated at equilibrium using is because the average solid compositions are different in the two cases. Another point of importance is the completely MTDATA.
[10] Clearly, when two phases are present the enthalpy changes with composition as well as with temperasolid lines are different for the two situations. This is because nonequilibrium solid CuAl 2 has a very low enthalpy (Figture. A similar calculation could be carried out for unit mass, which would give the mass fraction. The approximation ure 10). These observations mean that it is not possible to get the using the extrapolation in Figure 8 would only apply when the changes in enthalpy with composition are small comfraction liquid directly from enthalpy plots. The line for the enthalpy per mol for the solid depends on the amount of pared with the difference in enthalpy between pure liquid amount of liquid calculated would be too high. If the Scheil equation line was used, the fraction calculated would be too small.
It appears to the present authors that the only way to obtain the fraction liquid is to get it indirectly using a model of microsegregation. The composition of different parts of the solid and the liquid can be used to calculate the enthalpy, which can then be compared with the experiment. Figure  13 shows that, as expected, the experimental enthalpy plot lies between that assuming the lever rule and the application of the Scheil equation. Figure 14 shows a comparison between the enthalpy calculated using the microsegregation model, Alloy/M. [9] Alloy/M is a back-diffusion-based model developed from Alloy [19] and is now coupled to the thermophysical data program MTDATA.
[10] Alloy and Alloy/M treat microsegregation by treating the diffusion that occurs in the through an axisymmetric dendrite and treats diffusion in all phases as the slice is cooled. An allowance is made for the dendrite tip temperature, and in present calculations, measured diffusion distances were used. These were measIn a binary system, the step height in the experimental enthalpy curve can be used to calculate the amount of eutecured roughly using a line intercept method. Experiment and theory showed that there was very little difference in tic. The easiest way to do this would be to experimentally measure the enthalpy change for the eutectic composition enthalpy change for different cooling rates. The amount of eutectic and the eutectic growth temperature fit well (Figure and to use this to determine the fraction liquid in an alloy. This is possible because solidification occurs without a 15). A plot of mol fraction liquid, taken from the microsegregation model, is shown in Figure 16 . change in composition.
